Sequences located several kilobases both 5' and 3 1 of the stably transcribed portion of several genes hybridize to radio-labeled pure fragments of the alternating sequence poly (d6-dT)(dC-dA) ['poly(GT)"]. The genes Include the ribosomal DNA of mouse, rat, and human, and also human glucose-6-phosphate dehydrogenase (G6PD) and mouse hypoxanthine-guanine phosphoribosyl transferase (HPRT). HPRT has additional hybridizing sequences 1n Introns. Fragments that Include the hybridizing sequences and up to 300 bp of adjoining DNA show perfect runs of poly(ST) (>30bp) 1n all but the human 5' region of rDNA, which shows a somewhat different alternating pur1ne:pyr1m1d1ne sequence, poly(GTAT) (36bp). Within 150 bp of these sequences 1n various Instances are found a number of other sequences reported to affect DNA conformation 1n model systems. Host marked 1s an enhancement of sequences matching at least 67X to the consensus binding sequence for topoisomerase II. Two to ten-fold less of such sequences were found 1n other sequenced portions of the nontranscribed spacer or 1n the transcribed portion of rDNA. The conservation of the locations of tracts of alternating pur1ne:pyr1ra1d1ne between evolutionarily diverse species 1s consistent with a possible functional role for these sequences.
INTRODUCTION
Eucaryotic genes contain large amounts of nontranscribed spacer DNA (NTS). For example, ribosomal DNAs encoding 18S, 5.8S, and 28S rRNAs are organized 1n tandem repeats, two-thirds of which are not transcribed (1,2,3). The function of NTS DHA remains obscure, but some discrete elements have been defined that Include transcriptional regulatory elements like enhancers and promoters (4,5,6), sequences Involved 1n the organization of chromatin loop structures (7, 8) , and repetitive elements such as the human Alu family (9) .
Of the highly repetitive elements 1n spacer DNAs, tracts of alternating purines and pyr1ra1d1nes have received special attention, since they can promote alternate conformations of DNA (10). The sequence poly(d6-dT)(dA-dC) [called poly(GT) below] can adopt the left-handed Z conformation 1n appropriate conditions 1n fixed cells and 1n pure DNA (11,12), though 1t 1s not known 1f Z-DNA exists 1n living cells.
He have asked whether any positions or contexts of poly(GT) tracts are conserved 1n manmalian genes. Our approach has been to detect candidate tracts of poly(GT) by the hybridization of radio-labeled poly(GT) to cloned portions of the genes, then to subdone and sequence the poly(GT) containing fragments.
A complete repeating unit of human ribosomal DNA and portions of mouse and rat rDNAs have been screened for the presence of poly(GT). In addition, cloned portions of two X-I1nked genes have been studied: human glucose-6-phosphate dehydrogenase (G6PD; 110 kb) and mouse hypoxanthine-guanine phosphoribosyl transferase (HPRT; 60 kb). Our approach 1s based on the notion that any conservation of the location of tracts of poly(GT) strongly suggests an Intrinsic Importance, since spacer sequences vary much more rapidly during evolution than do mature RNA sequences. 
MATERIALS AND METHODS

RESULTS
Poly(GT) tracts in ribosomal DNA. These studies were initiated after we observed that radio-labeled poly(GT) hybridized to spacer portions of the mouse rDNA, at or near sequences 1n nucleolar chromatin that were shown previously to be resistant to DNase 1 (35). Southern hybridization with poly(GT) gave positive signals: two approximately 2 and 3 kb upstream and two approximately 1.0 and 2.5 kb 3' distal to the transcription unit (Fig.l) . Subfragments of those regions nearest the 5' and 3' ends of the transcription unit were then sequenced and tracts of poly(GT) confirmed (Fig. 2) .
These results suggested that the locations of some poly(GT) tracts within the rDNA repeat might not be random. Southern hybridizations with radio-labeled poly(GT) and comparisons of mouse sequences to those published previously for rat rDNA (21,36) showed that poly(GT) sequences are Indeed located at similar positions. In rat rDNA, two positive signals again were found at each end of the transcription unit (2 and 4kb upstream, and 0.5 and 2.0 kb downstream; F1g. 1).
To test this correlation further, we examined human rDNA for poly(GT) sequences. That choice 1s more Informative than mouse or rat rDNA, since the evolutionary distance 1s great and all of the DNA representing a tandem repeat of human rDNA 1s available (in four subdones; see Materials and Methods). Looking at human rDNA enabled us to answer conclusively whether poly(GT) sequences are distributed throughout the NTS or only at preferred locations.
Portions of human rDNA, 5'and 3' of the transcription unit, consistently showed hybridzation to poly(GT). As 1n rat and mouse, two hybridizing sequences map 3' distal to the human transcription unit. The location of the 3' elements varies somewhat among tandem repeats 1n some human rDNAs because a sequence 700 bp in length is duplicated as many as 4 times distal to the transcription unit in different repeats (14) . As a result, the locations of poly(GT) sequences are displaced corresponding distances relative to the transcription unit. In an rDNA unit containing two copies of the repeated element, the poly (GT) signals are located approximately 3kb downstream of the transcription unit.
The hybridization signal from the region 5' proximal to the human rDNA transcription start site (Fig. 3) was much weaker than all the others observed. The hybridizing sequence, about 2kb upstream from the transcription unit, proved to be a repeat of (STAT) rather than (GT) (F1g. 2). The relatively weak hybridization of the 5' region to poly(GT) apparently results from base-pa1r1ng to poly(GTNT).
Sequences of the 5 1 and 3' poly GT tracts are given 1n Fig. 2 . The sequenced tracts contain at least 11 consecutive GT dinucleotides, and at least 15 elements with no more than one mismatch. Theoretically, that would be sufficient to promote at least three double-helical turns of Z DNA (37); and some of the sequences extend further Into additional poly (pur1ne:pyr1m1d1ne) sequences.
Poiy(GT) tracts in two X-1Inked genes. The comparable location of poly(GT) tracts 1n a number of rDNAs raises the question of whether similar positioning 1s seen 1n genes that encode messenger RNAs. The sequences near poly(GT) also include sequences specified for Orosophila as sites where topoisomerase II binds to DNA (40) . Figure 5 shows that segments within 150 nucleotides of each poly(GT) sequence are considerably enriched for the consensus sequence Inferred as the probable site of topoisomerase II binding. Homology at the level of 11/15 bases [67%; a figure used 1n several discussions (41,42)] was sought 1n analyses using sequences 1n Figures 2 and 4 . Figure 5 shows that the sequences 1n the vicinity of poly(GT) contain 3 to 7.5 topoisoraerase sites per 200 nucleotides 1n the 5 cases examined, much more than 1n the available sequences of transcribed (Tx) or other non-transcribed (NTS) DNA. In more detailed analyses of the available sequences of transcribed rONA (data not shown), one short segment containing a comparable enrichment for putative topoisomerase II sites was detected just downstream of the promoter site 1n rat, mouse, and human rDNAs. The frequency across the rest of the transcribed portions was essentially low and constant. In fact, it was lower than the value found 1n random sequences generated with the same base ratios.
House 5' poiy(GT) sequences form Z-DNA jji vitro. Poly(GT) sequences can assume a Z-ONA conformation 1n defined conditions. By placing sequences with the potential to form Z-DNA 1n a supercoiled plasmid, one can Induce the transition from B to Z-form (40) .
A supercoiled plasmid of the 5' mouse clone in pBR322 was isolated, and Its ability to bind to goat anti-Z DNA antibodies was assessed by a filter binding technique described 1n Materials and Methods. The 5' mouse clone showed significant anti-Z-DNA antibody binding (F1g. 6). Supercoiled pBR322 alone and a portion of rDNA encoding IBS rRNA cloned into pBR322 and A general mechanism might Include selective pressure that would operate to locate both binding sites for topoisomerase II and tracts of poly(GT) (or other highly repetitive sequences) at the border of the stably-transcribed portion of a gene. Hatr1x-b1nd1ng sequences there might help to organize a loop of chromatin; poly(GT) could aid 1n transferring a unit Intact during recombination. This could lessen the Incidence of addition-deletion mutations that often accompany recombination events within a gene; and 1n the case of ribosomal DMA, 1t could help to maintain the homogenization of the tandem rDNA repeats 1n nucleolar organizers.
